Perovskite solid solutions exist throughout the ternary system Pb(Mn3+ 1/2NU1/2)O3-PUTiO3 PbZrO3 and in up to 40mol% of the first component in Pb(Mn2+ 1/3Nb2/3)O3-PbTiO3-PbZrO3; at higher concentrations, a mixture of perovskite and pyrochlore phases was obtained. With Pb(Mn2+ 1/3Nb2,a)O3, ceramics showed enhanced piezoelectric activity and increased mechanical quality factor, both in comparison to the PbTiO3-PbZrO3 binary and with Pb(Mn3+ 1/2Nb1/2)O3. Much improved piezoelectric properties were obtained, when manganese ions were regarded as divalent ions, in comparison with the case of trivalent ions. The difference seems to be caused by different amount of space charge generated in the ceramics, resulting from the co-existence of manganese ion and niobium ion. The amount in the former ceramics is much larger than that of the latter. The Curie point and electrical resistivity of these ceramics remain sufficiently high for practical use.
Piezoelectric activity reaches a maximum, when ceramic compositions are chosen near (those of) the M. P. B. Therefore, these ceramics are the most useful for practical application from the view point of piezoelectric materials. Usually, the piezoelectric activity is appreciated by the value of the electromechanical coupling factor in radial mode kp. The larger the value, the more piezoelectric activity is obtained. In practical application, e.g. as a mechanical filter, an increase of the mechanical quality factor Qm, viz., a decrease of internal friction, is desired, in order to minimize the energy dissipation during electromechanical transformation which causes piezo-* Reported at the fall meeting of this society , Nagoya, Japan, Nov. 11 (1971) . ** Central Research Laboratories , Nippon Electric Co., Ltd. Shimonumabe, Nakahara-ku, Kawasaki, Japan. *** Present Address; Tohoku Metal Ind ., Kanai-machi, Totsuka-ku, Yokohama, Japan.
( 20 ) When Pb(Mn3+ 1/32Nb1/2)O3 was chosen, perovskite compound was found to be synthesized for all compositions. Crystal systems were tetragonal, rhombohedral and pseudocubic. A phase diagram representing these regions is shown in Fig. 1 . The tetragonal-rhombohedral boundary line corresponding to M. P. B. inclines slightly to the PbTiO3 rich side. The phase boundary between ferroelectric and antiferroelectric region shown in the figure was determined from observation of the D-E hysteresis curve. If Pb(Mn3+ 1/2Nb1/2)O3 amount exceeds about 50 mol %, the crystal system of the compounds becomes pseudocubic. Precise determination of phase boundary between pseudocubic and either tetragonal or rhombohedral systems was difficult, due to their similar diffraction patterns. As a result, the boundary is shown by a dotted line in the figure.
Variation of lattice constant with composition ratio is similar to that observed for PbTiO3-PbZrO3 ceramics.
A typical result is shown in Fig. 2 , which shows the variation at a constant amount (5 mol %) of Pb(Mn3+ 1/2Nb1/2)O3 with different PbZrO3 contents.
When Pb(Mn2+1,3Nb2i3)03 was chosen, the perovskite compound could be synthesized , if its amount was less than about 40 mol %. A phase diagram obtained is shown in . Fig. 3 . When the amount exceeded 40 mol %, mixtures consisting of perovskite and pyrochlore compounds were obtained.
X-ray diffraction pattern and its diffraction peak intensities, observed from the perovskite compound, are similar to those obtained from the compound consisting of Pb(Mn3+ 1/2Nb1/2)O3-PbTiO3-PbZrO3.
However, diffraction angles observed from individual diffraction peaks shift toward the lower side, viz., the lattice constant increases.
Composition of the pyrochlore compound determined from X-ray diffraction pattern was in line with Pb2Nb2O7 reported by Roth. The kp value was greatly increased, when Pb(Mn2+ 1/3Nb2/3)O3 was chosen (Fig. 6 ). Its maximum value was 0.68. Piezoelectric activity is maintained, even if the compounds became a mixture of perovskite and pyrochlore compounds. In the mixed phase region, the piezoelectric activity decreased in proportion to the decrease in the amount of perovskite phase.
Variations of hp values shown in Figs. 5 and 6 along M. P. B. with manganese amount are induced as shown in Fig. 7 . The value reaches a maximum when the amount is about 2 at.%, irrespective of the valencies of manganese ions. After that, the hp value decreases linearly with the increase of manganese amount.
III -2(b) Variation of Qm with composition
When Pb(Mn3+ 1/2Mb1/2)O3 was chosen, the Qm value was varied as shown in Fig. 8 . The
Qm value reached a maximum of 2750 in the rhombohedral region and 1760 in the tetragonal region.
The Qm value was markedly increased, when Pb(Mn2+ 1/3Nb2/3)O3 was chosen (Fig. 9) .
The Qm value reached a maximum of 6300 in the rhombohedral region and 3700 in the tetra- It should be noted that the increase of e values for compositions containing about 60 mol% Pb(Mn3+1/2Nb1/2)O3 or 70 mol% Pb(Mn2+ 1/3Nb2/3)O3 occurred due to the existence of the Curie point near room temperature. IV Discussion
IV-1 Space charge
Ceramics consisting of Pb(Mn2+ 1/3Nb2/3)O3-PbTiO3-PbZrO3 exhibit much more improved piezoelectric properties than those of Pb(Mn3+ 1/2Nb1/2)O3-PbTiO3-PbZrO3.
It suggests that the space charge amount generated in the former ceramics is greater than the latter, accompanying larger values of kp as well as Qm. In order to confirm the speculation, reduced space charge amount, i.e. (Ps-Pi)/Ps, was observed, where Ps=saturated polarization value of the ceramics, Pi=polarization value just after an ac field is applied.
Typical values of (Ps-Pi)/ Ps observed are as follows.
•¬ Results obtained are in line with the speculation.
IV-2 Formation of pure perovskite Pb(Mn2+ 1/3Nb2/3)O3
A perovskite complex compound of Pb(Mn3+ 1/2Nb1/2)O3 was able to be synthesized without any difficulty. On the contrary, even if planning synthesis of a perovskite compound consisting of Pb(Mn2+ 1/3Nb2/3)O3 sintered in air, the attempt failed, due to the simultaneous formation of a pyrochlore compound with Pb2Nb2O7. This suggests that suppression of trivalent manganese ions is difficult due to stable existence of trivalent manganese ions, in comparison with divalent ions during sintering in air. The possibility was examined by sintering in pure nitrogen atmosphere . Formation of pyrochlore compound could be suppressed to a fair extent, however, a small part of the compound was found to remain as shown in Fig. 16 . Thus, the suppression of pyrochlore compound seems to be difficult if being used an usual ceramic technique . If sufficient suppression is desired , the When Pb(Mn3+ 1/2Nb1/2)O3 was chosen as a principal constituent, a solid solution with perovskite structure was obtained in all composition ranges. When Pb(Mn2+ 1/3Nb2/3)O3 was chosen, a solid solution with perovskite structure could be synthesized, if its amount was less than about 40 mol %. If this amount was exceeded, ceramics obtained were mixtures of perovskite and pyrochlore compounds (Pb2Nb2O7). Suppression of pyrochlore formation was difficult, even if the ceramics were sintered in nitrogen atmosphere.
Piezoelectric properties were much improved when Pb(Mn2+ 1/3Nb2/3)O3 was chosen. Maximum value of the electromechanical coupling factor in radial mode hp was 0.68 (where the mechanical quality factor Qm was 1550), and maximum Qm was 6300 (where kp=0.12).
When Pb(Mn3+ 1/2Nb1/2)O3 was chosen, they were 0.59 (Qm=730) and 2750 (kp=0.15), respectively. If the amount of manganese ions was increased, hp wass decreased linearly with the amount after the maximum value was reached. 
